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Description 

A LOW THERMAL BUDGET (MOL) LINER, 

A SEMICONDUCTOR DEVICE 
COMPRISING SAID LINER AND METHOD 
OF FORMING SAID SEMICONDUCTOR 

DEVICE 

Background of Invention 

[0001] The present invention generally relates to the semicon- 
ductor processing of high performance devices, particu- 
larly devices employing silicide contacts. More specifically, 
the present invention is directed to a low thermal budget 
MOL (middle of the line) liner that protects the silicide and 
results in an improved general usability of the semicon- 
ductor device. The invention is further related to the 
method of forming the low thermal budget (MOL) liner in 
the fabrication of a semiconductor device, as well as the 
semiconductor device itself. 

[0002] | n th e formation of integrated circuits, thin films contain- 



ing metal or metalloid elements are deposited upon the 
surface of a semiconductor substrate or wafer, and then 
annealed using a silicide annealing forming Ohmic con- 
tacts. These films provide conductive and Ohmic contacts 
in the circuits and between the various devices of the in- 
tegrated circuit. An interconnect dielectric is then formed 
atop the substrate and via or contact openings that ex- 
pose the Ohmic contacts are formed. A thin film of a de- 
sired metal may be applied, for example, to the exposed 
surface of the Ohmic contact. The film, which passes 
through the insulative layers of the interconnect structure, 
acts as a plug of conductive material, making intercon- 
nections across the insulating layers. Well-known pro- 
cesses for depositing thin metal films include chemical 
vapor deposition (CVD) and physical vapor deposition 
(PVD), with the latter also referred to as sputtering. 
[0003] As the dimensions of the integrated circuit components 

continue their evolution to minute feature sizes (e.g., sub- 
micron dimensions), the materials used to fabricate such 
components are crucial as they contribute to the electrical 
performance of the device. For example, low resistivity 
metal interconnects, such as aluminum and copper, pro- 
vide conductive paths between the components of an in- 



tegrated circuit. Typically, the metal interconnects are 
electrically isolated from each other by an insulating ma- 
terial. 

[0004] Additionally, a liner material is often employed to separate 
the metal interconnects from the insulating material. The 
liner material acts as a barrier layer, inhibiting the diffu- 
sion of the metal into the insulating material. Diffusion of 
the metal into the insulating material is undesirable as 
such an occurrence can significantly affect the electrical 
performance of the integrated circuit, or render it inoper- 
ative altogether. A combination of titanium (Ti) and/or ti- 
tanium nitride (TiN) is generally used for the liner mate- 
rial. 

[0005] Accordingly, new liner materials and/or the process tech- 
nologies associated therewith are being required to en- 
sure high device performance. These liners not only must 
possess mechanical and structural integrity, conform well 
within the aggressive features of the device concerned, be 
mechanically, electrically and thermally compatible with 
the neighboring conductor and dielectric material systems 
of the device and possess high conductivity to minimize 
overall contact resistance, they must also meet these re- 
quirements at increasingly reduced thicknesses in order to 



maximize the space available in the continuously decreas- 
ing device dimensions. 
[0006] Silicides, which are compounds formed from a metal and 
silicon, are commonly used for contacts in semiconductor 
devices. Silicide contacts provide several advantages over 
contacts formed from other materials, such as aluminum 
or polysilicon. Silicide contacts are thermally stable, have 
lower resistivity than polysilicon, and provide for good 
Ohmic contacts. In addition, silicide contacts are more re- 
liable because the silicidation reaction eliminates many 
defects at the interface between the contact and the de- 
vice feature. 

[0007] | n the semiconductor processing of memory and logic de- 
vices employing silicide contacts, such as a field effect 
transistor (FET), tungsten (W) is the standard metal con- 
tact between the silicide and the back end of the line 
(BEOL) insulators. Due to the aggressive nature of tung- 
sten fill chemistry, a liner, e.g. MOL liner, must be used to 
protect the silicide. The state-of-the-art liner process in- 
cludes a pre-clean of the substrate, such as wet sputter- 
ing or Argon sputtering, the deposit of a layer of titanium 
(Ti) followed by a chemical vapor deposition of a titanium 
nitride (TiN) layer, further followed by a thermal annealing 



process done in forming gas at a temperature of 550°C. 
[0008] The purpose of the Ti is to act as an oxide getter and to 
form titanium silicide. Without the Ti, the contact resis- 
tance of the Si would be very high. On the other hand, ex- 
cess Ti is also undesirable in that it will form TiF 4 during 
the subsequent WF (i.e. tungsten fill) process. In order to 
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avoid this, an extra layer of TiN is deposited, usually by 
CVD, and the entire liner is subjected to a forming gas 
anneal at temperatures of about 550°C for a period of Vi 
hour or longer. In this thermal annealing process, any free 
Ti is converted into TiN. 
[0009] As noted above, the feature sizes of semiconductor de- 
vices are getting smaller and smaller. The liner process 
described above is not acceptable because the CVD TiN 
layer has a relatively high electrical resistivity. Further- 
more, the dopant level will be disturbed by the relatively 
high thermal anneal process. Still even further, some sili- 
cide such as NiSi will agglomerate and the device perfor- 
mance will suffer as a result from the high temperature 
processing. 

[0010] | n V j ew 0 f the drawbacks caused predominantly by the 
high thermal budget annealing process, new and im- 
proved semiconductor devices employing silicide contacts 



are demanded by today's standards. 
Summary of Invention 

[0011] The present invention provides a low thermal budget MOL 
liner comprising a titanium-deposited layer that has been 
subjected to an in-situ gas plasma nitridization process. 

[0012] Further, the present invention provides a semiconductor 
device having silicide contacts and comprising said low 
thermal budget MOL liner. 

[0013] still further, the present invention provides a method for 
making said semiconductor device. More specifically, and 
in broad terms, the method of the present invention com- 
prises: 

[0014] depositing a titanium layer on an interconnect structure 

having one or more contact openings which expose one or 
more silicide regions; 

[0015] subjecting the deposited titanium layer to an in-situ 
plasma nitridization wherein any free titanium is con- 
verted into titanium nitride; 

[0016] depositing at least one layer of titanium nitride on the in- 
situ plasma-treated titanium layer; and 

[0017] fining the contact openings with tungsten. 

[0018] Optionally, the interconnect structure can be subjected to 



a surface cleaning prior to depositing the titanium layer 

on the interconnect structure. 
Brief Description of Drawings 

[0019] FIG. 1 is a pictorial representation (through a cross sec- 
tional view) of an initial interconnect structure that can be 
employed in the present invention, said interconnect 
structure including a silicon substrate and silicide regions 
formed above the active regions thereof (e.g. the source, 
drain and gate regions). 

[0020] FIG. 2 is a pictorial representation (through a cross sec- 
tional view) of the initial structure of FIG. 1 after having a 
titanium layer deposited thereon. 

[0021] FIG. 3 is pictorial representation (through a cross sectional 
view) of the final structure in accordance with the present 
invention. 

[0022] FIG. 4 is the Auger profile of a blanket layer of Ti on Si0 2 

that was treated in an NH 3 plasma evidencing the amount 

of TiN formation. 
Detailed Description 

[0023] The present invention will now be described in greater de- 
tail by referring to the drawings that accompany the 
present application. It should be noted that the drawings 



of the present application are not drawn to scale. 

[0024] Reference is first made to the initial interconnect structure 
that is shown in FIG. 1. The interconnect structure can be 
made by using any BEOL process well known in the art, 
said process including the deposition of a dielectric layer 
onto a silicon substrate containing one or more devices 
and one or more silicide regions, and the formation of 
vias and contact openings using state-of-the-art pro- 
cesses such as lithography and etching. 

[0025] M 0re specifically, the initial interconnect structure shown 
in FIG. 1 comprises a silicon substrate 10, a dielectric 
layer 12 deposited thereon, one or more contact openings 
16 formed in said dielectric layer 12 which expose one or 
more silicide regions 14. Said silicide regions 14 or sili- 
cide contacts are formed above the active regions on the 
substrate, i.e. the source 18, the drain 20 and the gate 22. 
The silicide contacts are formed using any conventional 
silicide process and the gate is formed using any conven- 
tional CMOS process. 

[0026] The silicon substrate 10 is any conventional crystalline sil- 
icon substrate. For example, the silicon-containing sub- 
strate 10 may include any semiconductor material that in- 
cludes silicon. Examples of Si-containing substrates 10 



that can be employed in the present invention include, but 
are not limited to: Si, SiGe, SiGeC, SiC, silicon- 
on-insulators, or SiGe-on-insulators. Alternatively, the Si- 
containing substrate 10 may include a stack structure 
wherein a Si layer such as epi-Si or amorphous Si is 
formed atop a semiconductor substrate. 

[0027] The dielectric layer 12 may also be made of any standard 
dielectric materials known in the art and include both or- 
ganic and inorganic materials having a dielectric constant 
that is typically less than silicon dioxide. 

[0028] The silicide regions or contacts 14 can be any type of sili- 
cide, such as cobalt, nickel, titanium, tungsten, platinum 
and molybdenum. Of these, titanium, cobalt and nickel 
are preferred, with cobalt and nickel being most pre- 
ferred. 

[0029] The first step in the method of the present invention is to 
surface clean the interconnect structure. It is particularly 
important to clean the surface of an interconnect structure 
upon which subsequently will be deposited a thin metallic 
film. Most metals will readily adhere to a clean insulating 
surface. If, however, the surface is contaminated with a 
foreign substance, the adhesion of the film will be de- 
graded and there will exist the tendency for the metal film 



to crack and peel. The pre-cleaning step to be used in the 
method of the present invention can be accomplished by 
using any conventional pre-cleaning process known to 
those skilled in the art, including, but not limited to, wet 
cleaning, argon sputtering or plasma chemical cleaning. 
Of those mentioned, the wet or argon sputtering clean are 
preferred. 

[0030] The second step of the method in accordance with the 
present invention is the depositing of a Ti layer over the 
interconnect structure. This step is illustrated in FIG. 2. 
Any conventional method can be used to deposit the Ti 
layer 24, however, sputtering or PVD is the preferred 
method. The Ti layer 24 is generally deposited with a 
thickness range of between about 25A to about 250A. 

[0031] The third step in the method of the present invention in- 
volves an in-situ plasma nitridization process in which any 
free Ti is converted into TiN. This is accomplished in a hy- 
drogen, nitrogen gas environment and can be represented 
by the following chemical equations: 

[0032] (j) Ti + oxide - Ti(O), TiO 

[0033] (ij)Ti (free) + N - TiN 

[0034] Equation (i) above illustrates the fact that the Ti acts as an 



oxide getter by reacting with the surface oxide to form a 
solid solution of Ti(O), as well as free TiO. More impor- 
tantly, during the in-situ plasma nitridization step repre- 
sented by equation (ii), all free titanium is converted to in- 
ert titanium nitride. This accomplishes several benefits. 
First of all, the conversion of the free titanium to titanium 
nitride leads to low contact resistance. It also allows for a 
thinner CVD TiN to be employed in the next step. CVD TiN 
has a much higher contact resistance than PVD TiN, but is 
needed for all small devices because it has a better step 
coverage than PVD Ti. Additionally, no free Ti means no 
volcanic eruption due to TiF 4 formation in the subsequent 
tungsten fill step. 
[0035] The in-situ plasma conversion step is typically performed 
at a temperature between room temperature and upwards 
to about 410°C for a period of time between about 5 to 
about 60 seconds. Preferably, the in-situ plasma conver- 
sion of titanium into titanium nitride is accomplished at a 
temperature of between about 325°C to about 400°C, 
most preferably at a temperature of about 350°C, and for 
a period of time between about 5 to 45 seconds, most 
preferably for a period of about 25 seconds. The step is 
typically performed in a CVD TiN chamber with nitrogen 



and hydrogen gas with pressures between about 100 
mTorr to about 5 Torr. 

[0036] The next step in the method of the present invention is 
the depositing of at least one or more layers of CVD TiN, 
said layer or layers each having a thickness in the range of 
between about 15A to about 100A. This depositing step 
may be performed by any conventional CVD process. In 
said CVD process, a TiN layer is formed by thermally de- 
composing a titanium-containing precursor and a nitro- 
gen-containing precursor. Suitable titanium-containing 
precursors include tetrakisdimethylamino titanium 
(TDMAT), tetrakisdiethylamino titanium (TDEAT), and tita- 
nium tetrachloride (TiCI 4 ). Suitable gaseous sources or 
precursors of nitrogen include ammonia gas (NH 3 ) and the 
nitrogen radical activated by plasma. The CVD process is 
generally performed at a temperature between about 
350°C to about 550°C. 

[0037] The final step in the method according to the present in- 
vention is a tungsten-filling step. One such conventional 
way of bulk tungsten filling is by forming the tungsten by 
hydrogen or silane reduction of tungsten hexaflouride (WF 
) in a CVD process. 

[0038] FIG. 3 illustrates the final interconnect structure made in 



accordance with the method of the present invention and 
shows the low thermal budget MOL liner 30, a CVD TiN 
layer 32 and the CVD tungsten fill 34. 

[0039] | n the prior art method, the CVD TiN step was followed by 
a thermal annealing process. Such a process involved 
temperatures of 400°C and higher, more typically around 
the 650°C range, for a period of at least 30 minutes. By 
employing the in-situ plasma nitridization step in the 
method of the present invention, the thermal annealing 
process can be avoided altogether. Thus, the thermal an- 
nealing process just described has been effectively re- 
placed by a process preferably performed at a tempera- 
ture of about 350°C to 385°C and for a period of about 5 
to 35 seconds. Obviously, this is extremely important as 
the in-situ plasma nitridization step of the present 
method possesses a significantly much lower thermal 
budget. This translates into a greater preservation of the 
implantation profile of the resulting high performance de- 
vice and, more importantly, reduces the nickel defects in 
the final device. 

[0040] The prior art, as mentioned above, uses either a long 

thermal anneal process which is totally unacceptable for 
high performance devices using nickel silicides, or a TiN 



layer as a glue/interconnect layer which is not robust 
enough in interconnect structures having small vias/high 
aspect ratio structure to withstand the WF g attack during 
the subsequent tungsten bulk fill process. 

[0041] The thin, low thermal budget and robust liner in accor- 
dance with the present invention avoids any overhang 
over the top of the high aspect via structures and, conse- 
quently enables a better tungsten bulk fill. That is, with 
the presence of the low thermal budget liner of the 
present invention, less voids and no trapping of CMP slur- 
ries are encountered in subsequent processing steps. 

[0042] FIG. 4 is an Auger profile of a blanket layer of Ti on Si0 2 
that was treated in an NH 3 plasma evidencing the amount 
of TiN formation. Auger electron spectroscopy (AES) is a 
method used to identify elemental compositions of sur- 
faces by measuring the energies of Auger electrons. Each 
element in a sample being profiled will give rise to its own 
unique characteristic spectrum of peaks at various kinetic 
energies. FIG. 4 shows that the in-situ forming gas 
plasma step used in the method of the present invention 
can effectively convert all free titanium to unreactive and 
low resistivity PVD TiN. Thus, this evidences the ability of 
the process of the present invention to avoid the necessity 



of employing the thermal annealing process of the prior 
art. As already explained, the differences between the 
temperatures and length of time that the temperatures are 
applied in the prior art thermal annealing step as com- 
pared to the in-situ plasma nitridization step of the 
present invention are significantly great and lead to an 
improved high performance semiconductor device. 
[0043] while this invention has been particularly shown and de- 
scribed with respect to preferred embodiments thereof, it 
will be understood by those skilled in the art that the 
foregoing and other changes in forms and details may be 
made without departing from the spirit and scope of the 
present invention. It is therefore intended that the present 
invention not be limited to the exact forms and details 
described and illustrated, but fall within the scope of the 
appended claims. 



